SUMMARY The clinical and morphologic features of tunnel subaortic stenosis, an unusual form of obstruction to left ventricular outflow, are described in 11 patients. Although patients with tunnel subaortic stenosis demonstrate a variety of cardiovascular malformations, the most characteristic anatomic feature is fibromuscular tubular narrowing of the outflow tract that remains relatively unchanged during the cardiac cycle. The aortic anulus was abnormally small in six of the 11 patients, including one who also had a hypoplastic ascending aorta. Evidence of a small mitral orifice was present THE CLINICAL AND PATHOLOGIC FEATURES of conditions producing fixed obstruction to left ventricular outflow are well known.`8 In particular, fixed subaortic stenosis produced by a discrete fibrous membrane located just under the aortic valve has been the subject of numerous reports.'0 Subvalvular membranes of this type can be excised readily at operation, usually with relief of outflow obstruction.4 ' 6,8-10 However, another type of fixed subaortic stenosis has been recognized in which there is considerably more diffuse fibromuscular narrowing;2' 4, 6 8, 10-12 in our experience, this entity has very different clinical implications. In an attempt to better define this type of left ventricular outflow obstruction, which has been referred to as "tunnel aortic stenosis,"'4 we have reviewed and analyzed the clinical, pathologic, and operative findings of 11 patients with this condition.
Materials and Methods Selection of Patients
The operative and necropsy records of the National Heart and Lung Institute (NHLI) from 1958 to 1975 were reviewed. Eleven patients in whom the hemodynamic, angiographic, echocardiographic, operative or necropsy findings suggested the presence of diffuse obstruction to left ventricular outflow were selected for analysis. In these patients the diagnosis of tunnel subaortic stenosis was made initially by cardiac catheterization and angiography (seven patients), at operation (three patients), or at necropsy (one patient). Certain clinical findings in five of the 11 patients in this investigation have been described briefly in other reports from this institute.2' 4, 6i 1'
Analysis of Patients
Clinical data from the initial and most recent cardiac evaluations were analyzed for nine patients. Two other 404 in two patients, and two other patients had asymmetric septal hypertrophy. Although operation was successful in significantly reducing the outflow gradient in two of the seven operated patients, all seven patients had gradients of 50 mm Hg or more at the most recent postoperative evaluation. Three patients (two with previous operation) died suddenly; each of these patients had mild or no symptoms. Because of the apparent ineffectiveness of current operative methods in patients with tunnel subaortic stenosis, it is important to differentiate this condition from obstructions to left ventricular outflow. patients (L.W. and A.G.) had only a single evaluation. At the initial cardiac evaluation (the first admission either to the NHLI or another institution) the patients ranged in age from 5 to 22 years (mean 9); at the latest cardiac evaluation or at the time of death patients ranged in age from 7 to 34 years (mean 17). The period of follow-up ranged from one to 18 years (mean 8). Seven patients were female; four were male. History and physical examination, electrocardiogram and chest radiograph were obtained at both the initial and most recent cardiac evaluations; phonocardiograms and indirect carotid pulse tracings were obtained only at the initial evaluation. Left and right heart hemodynamic studies and left ventricular angiography were performed at the initial evaluation in each of the 11 patients. In eight of the 11 patients repeat cardiac catheterization and angiographic studies were performed, including postoperative studies in seven patients.
Echocardiographic Studies
One-dimensional echocardiographic studies were obtained at the most recent cardiac evaluation in six patients (postoperatively in three of these patients) utilizing techniques previously described;'2 two-dimensional echocardiographic studies'4 were performed in four of the six patients. In addition, one-dimensional echocardiograms were obtained in first degree relatives (the parents and three siblings) of patient R. D., who had disproportionate ventricular septal thickening in association with tunnel subaortic stenosis.
Operative Procedures
Ten of the 11 patients in this study underwent operation in an attempt to reduce left ventricular outflow obstruction; four of the ten patients had two operative procedures. In nine of the ten patients subaortic muscle, fibrous tissue, or both were removed at each operation. One other patient (T. Cap.) had ligation of a patent ductus arteriosus and resection of a coarctation of the aorta six years prior to attempted correction of tunnel subaortic stenosis by a left ventricular apex to descending thoracic aorta anastomosis. Two of the ten patients died at operation, K.W. at the time of her second operation and T. Cap. at the time of her apical-aortic anastomosis. An ventricular impulse and a harsh, grade 3-4/6 systolic ejection murmur that was loudest at the second to fourth left intercostal space; in nine patients a grade 1-3/6 early diastolic, decrescendo, blowing murmur was also present. The second heart sound split normally with the respiratory cycle in two patients, split paradoxically in three patients, and was single in six patients. A third heart sound was present in five patients and a fourth heart sound was present in two patients. A systolic ejection click was recorded by phonocardiography in one patient.
The left ventricular ejection time (corrected for heart rate) was prolonged compared to normal standards"7 18 in seven of the eight patients studied (range 350 to 440 msec; normal 280-340 msec) and was normal in one. The left ventricular upstroke time (corrected for heart rate) ranged between 50 and 180 msec (normal 60-110 msec) and was abnormally short"9 in one patient. The contour of the peripheral arterial pulse (evaluated by either indirect carotid pulse tracing or direct intra-arterial pressure recording in the aorta or brachial artery) was, however, normal in each patient with tunnel subaortic stenosis.
Hemodynamic Findings
The hemodynamic data for the 11 The angiographic appearance of the left ventricular outflow tract was similar in each patient ( fig. 3 ). The characteristic angiographic feature (that was usually visualized best in the posteroanterior projection) was a long tubular narrowing of the left ventricular outflow tract extending proximally from the aortic anulus. This narrowing was relatively fixed (i.e., did not change appreciably in diameter during the cardiac cycle) in each patient. In six patients (M.G., K.W., D.A., A.D., A.G., and M.S.) the left ventricular cavity was greatly reduced in size during endsystole with obliteration of the apex ( fig. 3B and 3D ), an angiographic feature similar to that frequently observed in patients with ASH. '9 22 In each patient the aortic valve leaflets appeared thickened. Moderate aortic regurgitation was documented by aortography in two patients (A.G. and L.W.). The ascending aorta was normal-sized or slightly dilated in ten patients and markedly reduced in size in one (T. Cap.; figs. 3E, F). In addition, a mild coarctation of the aorta (the residua of a coarctation resection performed six years previously) was present ( fig. 3E) At initial cardiac evaluation, the heart size as determined by chest radiograph was normal (cardiothoracic ratio = 0.55) in seven patients and enlarged in four patients. Pulmonary venous markings were increased in two patients. At the most recent evaluation, the heart size had increased in one patient (M.S.) and decreased in another (G.G.).
Echocardiographic Findings
In the three patients studied preoperatively (T. Cap., A.G. and L.W.) and the one patient who did not undergo operation (G.G.), one or two-dimensional echocardiograms showed the left ventricular outflow tract to be markedly narrowed. The aortic anulus* was abnormally small" in T.
*We have used the term aortic anulus to refer to that portion of the aorta at the level of the cephalad extension of the commissures, This area of the aorta is also known as the sinotubular junction.
Cap. and L.W. and normal-sized in G.G. and A.G. In addition, two other patients (A.D. and T.C.) were studied by one and two-dimensional echocardiography eight and 11 years after operation, respectively. Both of these patients also showed a markedly narrowed left ventricular outflow tract (fig. 4) [Although the septal-free wnall ratio obtained at necrospy in this patient (i.e., 1.2) 'was not indicative of disproportionate septal thickening, tle septal-free wnall ratio obtained by echocardiography (in diastole) wnas 1.4 . In patients wnithi disproportionate septal thickening, the posterobasal left ventricuilar xvall thickens considerably more than the ventricular septum in systole and postmortem hearts are often fixed in the systolic phase of the cardiac cycle. Suich considerations probably explain the disparity between the septal-free wall ratios obtained in this patient (luring life as compared to those obtained at necropsy. fig. 7C ). The scarring usually involved the ventricular septum and left ventricular free wall, always included the papillary muscles, and was usually located in the subendocardial region.
Abnormalities of the intramural coronary arteries30 were present in each patient. These abnormalities were focal and usually consisted of both intimal proliferation and medial hypertrophy; some involved arteries had narrowed lumens. Abnormal intramural coronary arteries were present in areas of scarring as well as in areas without scarring, were generally more numerous in the ventricular septum than in the left ventricular free wall, and were absent or rare in the right ventricle or atria. The extramural coronary arteries in each patient had wide-open lumens. The anatomic abnormalities in patients with tunnel subaortic stenosis (as determined by angiographic, echocardiographic, operative and necropsy observations) are summarized in table 4. Note that in this figure (as in figs. 8-10 ) the left ventricular free wall appears to curve toward, and is in a position close to the cephalad aspect of the ventricular septum. This relation of ventricular septum to left ventricular free wall was observed in several patients with tunnel subaortic stenosis when the heart was sectioned through the anterolateral papillary muscle but not when the heart was sectioned between the papillary muscles as shown diagrammatically in figs. 11 
Discussion
Each of the patients with tunnel subaortic stenosis described in this study showed, by definition, severe tubular narrowing of the left ventricular outflow tract which was morphologically similar from patient to patient. In addition, the aortic anulus was abnormally small in over one-half of our patients, a finding which in one patient was associated with hypoplasia of the ascending aorta and coarctation of the aorta. Two In contrast, of the patients reported in this paper with tunnel subaortic stenosis, the smallest residual gradient present at the most recent cardiac evaluation was 50 mm Hg. In five of seven operated patients (in whom serial measurements of the outflow gradient were made) the magnitude of subaortic obstruction increased or did not change appreciably following operation; outflow obstruction decreased significantly after operation in only two patients.
There was no obvious factor that might explain why operation reduced the outflow gradient in some patients with tunnel subaortic stenosis and not in others. However, it may be relevant that four of the five patients with poor operative results had an abnormally small aortic anulus, while the anulus was not small in either of the two patients with relatively favorable operative results. The poor prognosis of patients with tunnel subaortic stenosis is emphasized by the fact that three patients died suddenly and unexpectedly (two 20, [31] [32] [33] [34] raising the possibility that fibromuscular narrowing of the left ventricular outflow tract may represent another manifestation of the disease spectrum of ASH.
The anatomic features of hearts with discrete subaortic stenosis and obstructive ASH are compared to a representative heart with tunnel subaortic stenosis in diagrammatic form in figure 11 . However, the broad spectrum of anatomic abnormalities present in patients with tunnel subaortic stenosis cannot be satisfactorily summarized in a single diagram. Therefore, in figure 12 three variations of anatomic abnormalities seen in patients with tunnel subaortic stenosis (including the one shown in fig. 11 ) are illustrated during both the diastolic and systolic phases of the cardiac cycle. This description is not intended to represent a strict classification of abnormalities in tunnel subaortic stenosis, but rather emphasizes the anatomic variability in patients with this condition. By definition, all patients with tunnel subaortic stenosis (i.e., diagrams A, B, and C in fig.  12 ) manifest diffuse narrowing of the left ventricular outflow tract. Typically, these patients also have an abnormally small aortic anulus, but normal-sized mitral orifice and left atrium; concentric ventricular wall thickening is usually present with a mitral valve that is normally positioned in the left ventricular cavity (diagram B). In contrast, in some patients (diagram A, representing patient T. Cap.) the aortic anulus, mitral orifice and left atrium are each abnormally small (in addition to the narrowed outflow tract). Finally, patients may demonstrate disproportionate ventricular septal thickening, abnormal systolic anterior motion of the mitral valve, and a mitral valve positioned anteriorly in the left ventricular cavity. These patients also have an enlarged left atrium, but normal-sized aortic anulus (diagram C, representing patient G.G. 
